A major unanswered question in Kinetoplastida parasites is the mechanism of regulating gene expression. Using a transfection system, we have previously shown that the intergenic region of the a-tubulin gene of Leishmania enrieti contained sequences required for gene expression. The goal of the work reported here was to determine whether the Leishmania-derived sequences were providing transcriptional control 3). Trans-splicing is similar to cis-splicing in its requirement for U2, U4, and U6 (4) and is related to self-splicing of group II introns by its independence of U1 (5). A possible function of trans-splicing in Kinetoplastida organisms is the processing ofpolycistronic transcripts to create a capped 5' end in the mRNAs (6, 7).
contained sequences required for gene expression. The goal of the work reported here was to determine whether the Leishmania-derived sequences were providing transcriptional control signals or functioning at a post-transcriptional level, most likely in trans-splicing. The chloramphenicol acetyltransferase (cat) gene was used as the reporter gene and was stably introduced into L. enrketti as part of an extrachromosomal element by transfection. We show here that the production of cat mRNA was dramatically dependent on the presence of the intergenic region 5' to the cat gene. The intergenic region could be substituted by a smaller fragment (222 base pairs) that contained the trans-splice acceptor site and an adjacent polypyrimidine tract. This native fragment could be replaced by a synthetic polypyrimidine tract containing an AG site. The native and the synthetic fragments had unidirectional activity.
No effect on transcription of the cat gene by the wild-type fragment or the synthetic polypyrimidine was detected. The results indicate that both regions contain signals that affect RNA stability, probably sequences involved in trans-splicing.
Leishmania are flagellated protozoan parasites of the order Kinetoplastida. Many of the aspects of gene expression and gene regulation in these organisms are still poorly understood. For example, little is known about the relative contributions of transcriptional and post-transcriptional processes to the control of gene expression. A general feature of gene expression in Kinetoplastida organisms is the processing of mRNAs by trans-splicing (refs. 1 and 2; reviewed in ref.
3). Trans-splicing is similar to cis-splicing in its requirement for U2, U4, and U6 (4) and is related to self-splicing of group II introns by its independence of U1 (5) . A possible function of trans-splicing in Kinetoplastida organisms is the processing ofpolycistronic transcripts to create a capped 5' end in the mRNAs (6, 7) .
Many highly expressed genes in Leishmania and other Kinetoplastida organisms are present in multiple copies organized in tandem repeats-for example, the tubulin genes (8) (9) (10) . The intergenic regions are short and contain the sites for polyadenylylation of the upstream gene and trans-splicing ofthe downstream gene (11, 12) . Promoters have not yet been identified in Leishmania but because of the hypothesized polycistronic transcription it is likely that the promoters will be located upstream of the tandem arrays (13) (14) (15) (16) . The development of transfection vectors for Leishmania in which bacterial genes were expressed under the control of intergenic regions from the parasite raised the possibility that these regions could contain signals for transcription (17, 18) .
In this work we have studied the role of the intergenic region ofLeishmania enriettii a-tubulin in the control of gene expression. Our main purpose was to determine if the activity of the intergenic region was at the transcriptional or posttranscriptional level and to identify sequences essential for gene expression. The chloramphenicol acetyltransferase (cat) gene (19) was used as the reporter gene and was stably introduced into L. enriettii in an extrachromosomal element by transfection (18) . Expression of the cat gene was dependent on the presence of either the native intergenic region or a synthetic polypyrimidine tract and splice acceptor site. The native and synthetic fragments had unidirectional activity, and neither had transcriptional activity. The results indicate that both regions contain signals that affect RNA stability, probably sequences involved in trans-splicing.
MATERIALS AND METHODS
Plasmid Construction. Standard cloning techniques were used (20) . The structure of the plasmids was determined by restriction analysis and DNA sequence analysis. All plasmids were derivatives of p50. p50 was constructed using plasmids p50-neo and pLCLC. p50-neo contained a 909-base-pair (bp) BstBI fragment from pALT-neo (18) end filled and cloned into the Sma I site of pBluescript KS' (Jim Tobin, personal communication). The insert in pSO-neo contained 50 bp from the 3' end of the a-tubulin intergenic region of L. enriettii (12) and the neomycin-resistance (neor) gene (21) . pLCLC contained two copies of the intergenic region of a-tubulin (LT1) and two copies of the cat gene in tandem (5'-LT1-cat-LT1-cat-3'). A 1.6-kilobase (kb) BstBI fragment from pLCLC was cloned into the Cla I site of pSO-neo. The resultant plasmid, p5O, contained, in 5' --3' order, a 50-bp fragment from the intergenic region of a-tubulin, the cat gene, the intergenic region of a-tubulin, the neor gene, and pBluescript KS' vector. p2-3 was derived by the deletion of the Sma I/HincII fragment from p50. pLCLN was obtained by replacing the Sal I/Sma I fragment from p50 by the intergenic region of a-tubulin (Xho I/Sma I fragment from pALT1.1, ref. 17 ). pR-S and pS-R were obtained by cloning the Rsa I/Sma I fragment from pALT1.1 into HincII/Sma I-digested p50.
The plasmids containing the synthetic polypyrimidine tracts were obtained by insertion of the double-stranded oligonucleotide OPy43 (5 '-CCTCGAGCTCTCTCTCT-CTTCTTCCCCTCTCCTCTCTCTCTCTCTTCTCCA-GACGCGTT-3') upstream from the cat gene. The doublestranded OPy43 fragment was digested with Xho I and cloned into the Sal I/Sma I sites of p50. Alternatively, blunt doublestranded OPy43 was cloned into the HincII/Sma I sites of p5O.
Cell Cultures and Transfection. Promastigotes of L. enriettii were grown and transfected as described (18 CAT Activity. CAT activity was assayed in supernatants of cell lysates (17) using the two-phase fluor-diffusion method (22) . The results presented correspond to the CAT activity in lysates containing 3 pg of soluble protein.
Analysis of Steady-State RNA. Total RNA and poly(A)+ RNA were obtained as described (12) . Northern analysis (20) was performed using either total RNA (8 ,g in Fig To detect neor RNA a pool of the following 32P-labeled antisense oligonucleotides was used: NEO 1 (5'-GGGCAC-CGGACAGGTCGGTCTTGAC-3'), NEO 3 (5'-ACCATGA-TATTCGGCAAGCAGGCA-3'), NEO 4 (5'-CCGGAGAA-CCTGCGTGCAATC-3'). A 3-tubulin probe was obtained by random primer labeling of the 800-bp Sal I fragment from pLEB3 (12) . Hybridization intensities were quantified in a bio-imaging analyzer, Fujix BAS 2000.
Primer extension reactions were performed as described (23) . The primers used were CAT 20 (5'-CAACGGTGG-TATATCCAGTG-3') and NEO 4 (sequence as above). For the polymerase chain reaction (PCR) analysis of the 5' end of the cat mRNAs 1 ,ug of total RNA was annealed to oligo(dT)12.18 and incubated with avian myeloblastosis virus reverse transcriptase under standard conditions. Onehundredth of the reaction was then used for amplification through the PCR (24) using a primer homologous to the spliced leader (SL) sequence (ME, 5'-AAGCTTAGTAT-CAGTTTCTGTACT-3'; sequence from ref. 23 ) and the CAT 20 primer (sequence above). Southern blots of the PCR samples were hybridized to a 32P-labeled internal oligonucleotide (SCAT 61, 5'-ATTTTAGCTTCCTTAGCTCCTG-3'). Direct sequencing of PCR products was performed as described (25) .
Run-On Transcription Analysis. Nuclei were obtained by lysis of promastigotes in hypotonic buffer (26) with 0.8% Nonidet P-40. Nascent RNA was elongated in vitro as described (26, 27) . Incubations of nuclei for RNA elongation were done at 27°C for 5 min. Hybridizations were performed at 42°C as described (26 (25) and gel purification. The following oligonucleotides were used to generate DNA fragments homologous to the coding regions of cat (19) , neor (21) , L. enriettii a-tubulin (unpublished sequence, D.F.W.), Pro-gl (28), and mdr from P. falciparum (P.f.) (29) : CAT 2, sense (5'-ACCGTTCAGCTGGATATTACGGCCTTT-3'); CAT 3, antisense (5'-CACCCAGGGATTGGCTGAGACGAA-AAAC-3'); NEO 2, sense (5'-GCTGTGCTCGACGTTGT-CACTGAAG-3'); NEO 3, antisense (as above); ALPHA 3.1, sense (5'-ACAAGTGCATCGGTGTCGAGGATGAC-3'); ALPHA 3.3, antisense (5'-TGTGGTGTTGCTCAGCATA-CACAC-3');PRO61, sense (5'-GACGGAGACCAGAAGGT-GATGG-3'); PRO 71, antisense (5'-ACAGCAGAATGCCG-GTGATGG-3'); P.f. mdr 2484, sense (5'-AAAAT-TAATAATGAGGGT-3'); P.f. mdr 3038, antisense (5'-AGTGTTTCTGAAATGAACATAGCAATAGCA-3'); P.f. mdr 510, sense (5'-AGAGAAAAAAGATGGTAACCTCAG-3'); P.f. mdr 1487R, antisense (5'-TGGTAAGATAATTGT-TAACAT-3').
RESULTS
To analyze 5' DNA sequences required for the expression of a foreign gene in Leishmania, we constructed the vector pLCLN. pLCLN contained the neor gene as a selectable marker and the cat gene as the reporter gene. Both genes were flanked at their 5' ends by the intergenic region of a-tubulin (Fig. 1A) . pLCLN and the derivative plasmids ( Fig.  1) were stably transfected into L. enriettii using conditions that resulted in the extrachromosomal amplification of multimers ofthe transfected plasmid (18) . The number of plasmid copies was determined for each cell line, and expression of neor and cat mRNA in all subsequent experiments was normalized to plasmid copy number in each cell line.
We have previously shown that cells transfected with a plasmid that carried the neor gene flanked by a-tubulin intergenic regions produced neor mRNA trans-spliced at the a-tubulin AG acceptor site and polyadenylylated within the a-tubulin intergenic region 3' to the neor gene (18 Parasites transfected with pLCLN expressed high levels of CAT activity and 1.5-kb cat mRNA ( Fig. 2 A and B) . The presence of the a-tubulin intergenic region 5' to the cat gene was essential for expression, since only minimal CAT activity was detected in cells transfected with a plasmid lacking the intergenic region 5' to the cat gene (p2-3, Fig. 2A ). CAT activity in cells transfected with pLCLN was -1000-fold higher than in cells transfected with p2-3. Cells transfected with plasmid p2-3 did not express detectable levels of the 1.5-kb cat mRNA (Fig. 2B) Fig. 2 shows that the 222-bp Rsa I-Sma I fragment from the intergenic region (pR-S, Fig. 1A Fig. 1C ). We decided to test directly the effect of polypyrimidines on cat expression. A synthetic oligonucleotide containing a run of pyrimidines (OPy43) was cloned 5' to the cat gene. The oligonucleotide also contained an AG dinucleotide at its 3' end. Parasites transfected with plasmids containing a single copy or multiple copies of the synthetic polypyrimidine were found to express CAT activity. Parasites transfected with p114, which contains two polyprimidine tracts of 43 and 26 nucleotides (Fig. 1 A and C) , expressed high levels of CAT activity and cat mRNA (Fig. 2  A and B) . The effect of the polypyrimidine on cat expression was unidirectional, since parasites transfected with a plasmid containing two inverted copies of the polypyrimidine (pl2n, Fig. 1 B and C) had CAT activity at background levels and no detectable 1.5-kb cat mRNA (Fig. 2 A and B) .
CAT activity and cat mRNA were compared in cells transfected with plasmids containing one (pl-2), two (p114), or three (pl-5) polypyrimidine tracts (Fig. 1B) . The increase in the number of polypyrimidine tracts resulted in an increase in CAT activity and increased expression of cat mRNA in the transfected cell lines (Fig. 3) . It is interesting to note that the level of CAT activity was lower in cells transfected with pl-5 than would be predicted based on the amount of mRNA detected. This may indicate a down-regulation of CAT activity when high levels of mRNA are present. Northern analysis demonstrated the presence of antisense transcripts derived from the transfected DNA (data not shown). Therefore, we decided to analyze transcription from each DNA strand in a subset of the transfected cells. The coding region of the a-tubulin gene was used as a chromosomal control and the P. falciparum mdr gene was used as a negative control. Blots containing single-stranded sense and antisense DNA for the coding regions of plasmid genes cat and neor, L. enriettii chromosomal a-tubulin and P. falciparum mdr, were hybridized to labeled nascent RNA. The results (Table 2) demonstrate that both DNA strands were transcribed in the episomal DNA, whereas transcription was strand specific in the a-tubulin chromosomal gene. The results presented here demonstrate that neither the 222-bp native fragment nor the synthetic polypyrimidine modulates transcription of the cat gene in the episomal elements.
Gene Expression Is Associated with the Production of TransSpliced mRNA. The presence and site of addition of the SL Two sites of SL addition were identified in cat mRNA isolated from cells transfected with plasmid pll4, the major site being the AG located between the two copies of the polypyrimidine fragment and the second one corresponding to the first site downstream of the two polypyrimidine fragments (Fig. 1C) . A third downstream splice site was also identified (Fig. 1C) 
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Proc. Natl. Acad. Sci. USA 89 (1992) ..mmmr7---TLLa. fragment from the same region containing the AG trans-splice acceptor site, or a synthetic polypyrimidine tract. The native 222-bp fragment and the synthetic polypyrimidine behaved similarly in that they led to the expression of high levels of cat mRNA, their activity was unidirectional, and neither affected transcription of the cat gene. From these results we conclude that these regions contain signals that modulate RNA stability. Because of the 5' location of the signals, their proximity to the AG acceptor site, and the association of the signals with the production of trans-spliced mRNA, it seems that the most probable function of these sequences is to participate in trans-splicing. These results also imply that trans-splicing efficiency may play a major role in controlling mRNA levels. Our results suggest that unspliced pre-mRNA is unstable, in agreement with a previous report (4) of unstable pre-mRNA in experiments in which trans-splicing was inhibited.
We have shown here that a polypyrimidine tract and adjacent AG site 5' to the cat gene were sufficient to produce trans-spliced mRNA. Our results do not preclude the participation of other signals but indicate that other sequences are probably not essential for trans-splicing. Polypyrimidine tracts are essential elements of the splice acceptor site of mammalian introns, in which they participate in the formation of the presplicing complex and the binding of U2 (reviewed in refs. 30 and 31). Our results point to a possible similarity between cis-and trans-splicing in the determination of the splice acceptor site.
The demonstration of a post-transcriptional effect of the DNA signals described here still leaves open the question of the existence and location of transcriptional elements in these extrachromosomal elements. Transcription of the plasmid DNA is bidirectional, in contrast to the unidirectional transcription observed in the chromosomal a-tubulin gene. The results indicate that different elements control transcription in both cases. Since no difference in transcription was observed between plasmids containing or lacking sequences of the intergenic region 5' to the cat gene, it seems unlikely that the intergenic region of a-tubulin contains transcriptional signals. However, the presence of a weak promoter in the intergenic region cannot be ruled out.
In this report, we have identified DNA sequences that are essential for gene expression in the protozoan parasite L. enriettii and we have determined that those sequences participate in trans-splicing. The knowledge of the factors that control gene expression in these organisms is necessary for the development of molecular tools to study the genetic basis of infectivity and pathogenesis.
